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Ponderomotive Electron Acceleration in a Silicon-Based Nanoplasmonic Waveguide
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Ponderomotive electron acceleration is demonstrated in a semiconductor-loaded nanoplasmonic
waveguide. Photogenerated free carriers are accelerated by the tightly confined nanoplasmonic fields
and reach energies exceeding the threshold for impact ionization. Broadband (375 nm < 1 < 650 nm)
white light emission is observed from the nanoplasmonic waveguides. Exponential growth of visible light
emission confirms the exponential growth of the electron population, demonstrating the presence of an
optical-field-driven electron avalanche. Electron sweeping dynamics are visualized using pump-probe
measurements, and a sweeping time of 1.98 4= 0.40 ps is measured. These findings offer a means to harness
the potential of the emerging field of ultrafast nonlinear nanoplasmonics.
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The interaction of intense laser pulses with solids reveals
fundamental insight into highly nonlinear optical processes
and their potential utility for future optical information
processing technology. To date, most investigations involve
liberating charge carriers and observing their subsequent
interaction with either the solid or its surrounding medium.
In analogy to extreme nonlinear interactions in gases,
electrons can be freed through either multiphoton or
tunneling ionization, where the dominant process is deter-
mined by the laser photon energy, the electric field strength,
and the electronic band gap energy of the material [1].
When investigating extreme nonlinearities in solids, param-
eters that favor tunneling ionization are favorable, as the
multiphoton absorption regime exhibits a lower electric
field damage threshold.

The high density and atomic periodicity of crystalline
solids provides the potential for efficient high-harmonic
generation with greater cutoff energies [2]. Intense terahertz
fields have been used to drive electron-hole pairs to
undergo dynamical Bloch oscillations in a semiconductor,
generating high harmonics spanning terahertz to visible
frequencies [3]. Femtosecond ~1.5-cycle light pulses have
also been used to transform electrically insulating silica to a
conductive state on a femtosecond time scale and this effect
has enabled absolute carrier-envelope phase measurements
of light pulses in a solid-state device [4,5].

In the case when electrons are liberated on the surface of
a metal film, they can be ponderomotively accelerated to
~keV energies by surface plasmon (SP) fields in the
adjacent vacuum region [6]. Surface plasmons excited
on metallic nanofilms and nanostructures provide a combi-
nation of a high electric field gradient and electric field
enhancement, key factors for strong ponderomotive elec-
tron acceleration (PEA) [7]. Plasmon-based PEA has been
demonstrated in several configurations, including thin films
[6-10] and various nanostructures [11-13]. In each of these
investigations, electrons were emitted from a metal and
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accelerated in the adjacent vacuum. Although this enables
accurate characterization of the electron energy spectrum,
power scaling, and carrier-envelope phase dependency,
there is no physical restriction precluding plasmon-based
PEA in a solid-state medium (i.e., nonvacuum).

Nanoplasmonic waveguides have tightly confined field
mode profiles [14] that make them ideal for PEA in an
integrated chip-scale system. An interesting situation arises
when the nanoplasmonic waveguide is loaded with a
material, such as a semiconductor. In this scenario, photo-
excited electrons in the semiconductor are free to interact
with the plasmonic fields in the same manner as in free
space. The primary difference lies in the electron inter-
action with the semiconductor. For instance, the effective
electron mass depends on the semiconductor band struc-
ture. Moreover, as electrons are accelerated in a semi-
conductor, they undergo collisions with valence band (VB)
electrons within a spatial distance given by the mean free
path. A semiconductor-loaded nanoplasmonic waveguide
also opens new avenues for electron injection. Depending
on the semiconductor band gap energy and photon energy,
free carriers can be excited by linear absorption or two-
photon absorption (TPA), which are more efficient than
multiphoton or tunneling ionization in the metal.

In this Letter, we demonstrate PEA in a solid for the first
time, in a semiconductor-loaded nanoplasmonic wave-
guide. Photoexcited electrons are ponderomotively accel-
erated in the steep field gradient at the semiconductor-metal
interface, driving an electron avalanche. Broadband
(375 nm < 12 < 650 nm) white light emission from the
waveguide is observed, signifying collisions between
ponderomotively accelerated electrons and VB electrons.
Exponential growth of the white light power with the laser
power confirms a new strong-field phenomenon of ponder-
omotive-force-driven electron avalanche multiplication.
Pump-probe experiments reveal that the ponderomotive
force sweeps free carriers away from the probed region on a
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1.98 £ 0.40 ps time scale, demonstrating the potential for
ultrafast nanoplasmonic modulators, avalanche photode-
tectors, and electronic-plasmonic transducers. This nano-
plasmonic structure is compatible with electronics and
photonics technologies and has an ultracompact footprint
area of 0.43 ym>.

Indispensable in the electronics industry, silicon (Si) has
also been used for sophisticated integrated photonics and
nanoplasmonics circuitry [15,16]. With a high refractive
index of n =3.48 at 1 =1.55 ym, Si-loaded nanoplas-
monic waveguides enable tight mode confinement to the
metal-Si interfaces. Figure 1(a) shows the highly asym-
metric mode profile that is calculated for a subwavelength
Si core with a width w = 100 nm and height # = 340 nm,
and capped with a # = 60 nm thick gold (Au) film. The
electric fields are tightly confined to the Au-Si interface and
decay with a characteristic length ag = 135 nm (1/11.5),
making this structure attractive for PEA. Additionally,
Si has a high TPA coefficient frppn = 0.68 cm/GW at
A =1.55 um [17], opening the possibility for a large
(~10"-10%" ¢cm~3) photoinjected electron population to
interact with the plasmonic fields.

A rigorous treatment of the time dynamics of PEA in a
semiconductor would require solution of the nonequili-
brium Boltzmann transport equation, electromagnetic fields
in the nanoplasmonic waveguide, and silicon band structure
dynamics. Here, we focus on estimating the energies
attained by ballistic electrons before undergoing their first
collision (i.e., their first 28 nm of motion [18-20]),
providing insight into the nature of their first collision
and subsequent interactions.

Electron trajectories are calculated in two steps. First,
time-varying fields of a 7, =84 fs pulse propagating
through the nanoplasmonic waveguide are obtained via
finite-difference time-domain (FDTD) simulations [21].
A snapshot of the E, electric field component is shown
in Fig. 1(b). Because of the tight confinement of electro-
magnetic energy to the Si-Au interface, Ohmic losses limit
the propagation distance of this mode to L., = 3.1 ym.
Next, the electron trajectories are calculated from the time-
varying electromagnetic fields. Electrons are released into
the waveguide at random locations and times during the

,_g SI02

0

—

£
£-170
>

X S|02

200 0 2 min
z (lJm)

—200 0
x (nm)

FIG. 1 (color online). (a) Mode intensity distribution in a w X
h =100 x 340 nm Si-loaded nanoplasmonic waveguide for
A= 1550 nm. (b) Time snapshot of electric field at 1=
1550 nm propagating through the nanoplasmonic waveguide.

simulation. Each electron is given a randomly oriented
initial kinetic energy KE = 2hv — E, = 0.5 eV, where h is
Planck’s constant, v is the photon frequency, and E, =
1.1 eV is the Si band gap energy. The electron trajectories
are calculated by integrating the classical equation of
motion for an electron in an electric field,

teEgp(t)

o) = wlto) + [ ar

e

where v(¢) is the electron velocity, #, is the time of electron
excitation via TPA, v;(#) is the initial electron velocity, e is
the elementary charge, m} = 0.26m, = 2.37 x 103! kg is
the electron effective mass in Si [19], and Egp(?) is the
electric field experienced by the electron during its trajec-
tory. Since the electron acceleration dynamics occur on a
much faster time scale (<100 fs) than electron thermal-
ization (~ps), m, can be assumed constant during the
acceleration dynamics. Electrons that collide with the Au or
waveguide sidewalls are eliminated from the simulation, as
they may recombine or be emitted from the Si (depending
on their energy).

Simulations are performed for three electric field
strengths, Eqp = 1, 3, and 5 V/nm. Twenty-one trajecto-
ries of electrons injected at different points in time for
Egp = 3 V/nm are shown in Fig. 2(a), and are analogous to
those calculated for PEA in free space [7]. Most electrons
are accelerated in the directions of highest electric field
gradient, normal to the Au-Si interface. The cycle-by-cycle
electron acceleration is clearly visible from the “quiver” of
the electron trajectories.

The rate of electron photoexcitation by the Egp field is
given by

dN(?,t) :BTPAlz( ),
dt 2hy SP

where N(7,1) and I%p(7,t) are the instantaneous, local
electron density and electromagnetic intensity, respectively
[22]. Each electron is assigned a weighting factor propor-
tional to I3, (7, 7) at its injection coordinates to account for
the spatiotemporal variation of N. The average velocity
during the first 28 nm of each electron’s trajectory is
calculated, and spectra of the average electron energies
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FIG. 2 (color online).  (a) Calculated trajectories of 21 electrons.
(b) Calculated electron energy spectra for Egp = 1, 3, and
5 V/nm. (c) Schematic depiction of relevant physical processes:
Egp field propagation, TPA, PEA, and avalanche multiplication.
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before their first collision are compiled, as shown in
Fig. 2(b). These spectra are analogous to those reported
previously for plasmonic structures [6—13].

For modest electric fields of Eqp = 3 V/nm, electrons
are accelerated to 3 eV, and for Egp = 5 V/nm, they exceed
energies of 5 eV. Interestingly, electrons are easily accel-
erated above the threshold energy for impact ionization in
Si, E, = 2.3 eV [23]. Impact ionization is a three-particle
process that can be observed in Si when TPA-generated
electrons interact with a strong electric field. After accel-
eration, they undergo collisions with bound electrons in the
Si VB. Conduction band electrons with energies above E,
excite a new electron-hole (e-h) pair. Secondary e-h pairs
can gain energy in the same manner and proceed to
multiply in an “avalanche mode,” yielding exponential
growth of the electron population. These results signify that
the experimental conditions required to observe a PEA-
driven electron avalanche in a Si-loaded nanoplasmonic
waveguide are met with standard ultrafast laser pulse
excitation.

Figure 2(c) outlines this phenomenon. As femtosecond
pulses propagate through the waveguide, free carriers are
excited via TPA. They then accelerate ballistically in the
plasmonic field before their first collision (~28 nm).
Electrons with energies less than E, at their first collision
can emit a photon, depending on the nature of the collision.
Electrons with energies greater than E, generate new e-h
pairs, and return to the conduction band edge. The new e-h
pairs also accelerate in the plasmonic field and can initiate
impact ionization, resulting in the avalanche growth of free
carriers.

Direct insight into electron avalanche multiplication and
collisional dynamics has previously been gained by careful
analysis of light emission from a variety of Si electronic
devices under high reverse-bias voltage, including diodes
and transistors [24-26]. For sufficient voltage, an electron
avalanche is created and light emission (spanning visible to
near-infrared wavelengths) arising from electron collisions
is easily observed.

Two signatures from PEA in Si-loaded nanoplasmonic
waveguides are apparent: (1) light emission signals arising
from electron collisions, and (2) measurement of electron
time-dynamics in the waveguide. In both cases, it is crucial
to directly excite the input facet of the waveguide and
measure signals from its output facet, without assistance
from an on-chip coupler. Therefore, we collinearly end-fire
couple 4 = 1.55 ym femtosecond pulses (7, = 84 fs) into
the Si-based nanoplasmonic waveguide and outcouple
signals in the same manner. To achieve collinear coupling
in very short L < 10 yum waveguides, the substrate sur-
rounding a set of waveguides with different lengths is
etched to a depth of 75 ym, and one end-facet is cleaved
off, as shown schematically in Fig. 3(a). This enables direct
excitation of the waveguide with a microscope objective,
and outcoupling of transmitted signals with a single-mode
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FIG. 3 (color online).
guides situated on an etched ridge. (b) SEM of a single nano-
plasmonic waveguide. (c) Top-view microscope image of
experimental configuration and visible light emission from a
nanoplasmonic waveguide. (d) Spectra of the transmitted laser
pulses and visible light emission.

(a) Schematic of nanoplasmonic wave-

fiber. A scanning electron micrograph (SEM) of an
individual Si-based nanoplasmonic waveguide is shown
in Fig. 3(b). Cross-sectional dimensions of the Si core are
measured to be w x 1 = 95 x 340 nm and the Au cap has a
thickness # = 60 nm. The cut-back method was used to
determine the linear propagation losses of the nanoplas-
monic waveguides, and a propagation length of L
2.0 ym was measured.

For peak input powers above Py, =10 W, bright
visible light emission is observed from the waveguides
under normal room lighting. Scattered visible emission
collected from above the sample by a microscope objec-
tive and delivered to a camera is shown in Fig. 3(c).
Visible light emitted from the output facet of the wave-
guide was coupled to a single-mode fiber and delivered to
a spectrometer. The transmitted laser pulse spectrum is
shown together with the visible emission spectrum in
Fig. 3(d). The visible emission consists of a third-
harmonic (TH) signal that spans 500 nm < 4 < 530 nm
and a broad white light background spanning 375 nm <
A<650nm (1.9 eV < hv <3.3eV). Depending on
alignment, wavelengths exceeding A =725 nm were
observed. TH signals have previously been observed from
plasmonic structures [27] and do not directly relate to this
study of PEA. Rotation of the excitation polarization
reveals that the white light power is maximized when
the transverse magnetic Egqp mode is excited in the
nanoplasmonic waveguide. The absence of distinct atomic
emission lines, the lack of damage at the input facet, and
the observation of monotonically increasing visible light
power with input power P{ confirm that surface break-
down does not occur.

prop —
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As the laser pulses propagate through the nanoplasmonic
waveguide, electrons are excited via TPA from the VB into
the indirect band gap (E, = 1.1 V) at the conduction band
(CB) X valley. The average excess energy per electron is
0.5 eV and the electron energy distribution lies near the
bottom of the indirect CB edge. Since the energy of the
white light spectrum (1.9 eV < hv <3.3 eV) is much
higher than E = 2hv, the electrons must acquire energy
and climb high into the CB. Since electrons with energies
greater than E = E, + E,~ 3.4 eV initiate impact ion-
ization, a photon cutoff energy of 3.4 eV is expected. This
agrees well with the measured value of 3.3 eV.

To describe our observations theoretically, we calculate
the emission spectrum using a multimechanism model for
photon generation by Si junctions in avalanche conditions
[28] (details are provided in the Supplemental Material
[29]). Three emission mechanisms are used in this model:
(1) direct interband recombination between hot e-h pairs
near k =0, (2) intraband transitions, and (3) indirect
interband recombination of e-4 pairs. Figure 4(a) illustrates
the model applied to the experimental data. The excellent
agreement between the model and experiment demon-
strates that the white light emission originates from an
electron avalanche in the Si. Although electron avalanche
multiplication and light emission have previously been
observed in Au nanowire arrays, this model confirms that
the light emission originates from the Si [50]. Furthermore,
the time dynamics of the observed process are much faster
than multiphoton luminescence in Au, as discussed later.
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FIG. 4 (color online). (a) Experimentally measured photon
counts versus photon energy, along with curves fitted with a
multimechanism model. (b) Surface plot of white light spectrum
versus Pj{.. The black spectrum is measured at P{) = 1.42 mW
and the green curve depicts the TH spectrum (removed for
clarity). (c) Measured white light counts (natural logarithmic
scale) versus P{, for the total spectrum and individual wave-
lengths A = 472, 537, and 578 nm. (d) Time-dependent power
transmission for cross-polarized pump-probe measurements.

A surface plot showing the white light spectrum versus
P¢ is displayed in Fig. 4(b). Through FDTD simulations,
the peak electric field in the nanoplasmonic waveguide
is calculated to be systematically varied between
0.9 < |Egp| < 4.8 V/nm, which matches the simulation
conditions presented earlier. The overlay depicts the white
light spectrum obtained for Py, = 16543 W measured
at the output facet of the nanoplasmonic waveguide, where
the TH spectral contributions are removed for clarity. A
signature of the avalanche process would be the exponen-
tial growth of the electron population or equivalently, the
exponential growth of light emission with P{,. Figure 4(c)
shows the power scaling of the total white light power
P, (plotted on a natural logarithmic axis), which grows
exponentially according to the relation P « exp(yP%),
where y =2.384+0.15 mW~!. Exponential growth is
observed at all wavelengths within the spectrum, as shown
for 4 ={472,537,578} nm in Fig. 4(c). The distinct
exponential growth signifies that impact ionization and
avalanche multiplication have taken place due to PEA.

Additional evidence signifying PEA-driven avalanche
multiplication is revealed through temporal electron
dynamics. Electrons are generated in the Si waveguide
core via TPA, and most of them are injected close to the
Au-Si interface, where the intensity is greatest. In the
presence of a strong ponderomotive force F,,4, €lectrons
in the Si are accelerated and quickly swept away in the Egp
field (~1 V/nm). After several collisions, the electrons
travel at the saturation velocity v, ~ 1.3 x 10> m/s [20].
Thus, within ~1.0 ps, electrons traverse oy = 135 nm from
the Au-Si interface, and within ~2.6 ps they cross the entire
Si core (h = 340 nm). Therefore, the measured electron
dynamics should take place on this time scale.

Ultrafast pump-probe experiments are performed on
the nanoplasmonic waveguides to investigate TPA and
free-carrier absorption, and to visualize the electron sweep-
ing dynamics. Cross-polarized pump-probe experiments
(x-polarized pump, y-polarized probe) enable pump filter-
ing with a polarizer, providing precise details of the time-
dynamic nonlinear interaction. Time-domain traces for
pulses propagated through a nanoplasmonic waveguide
for varying pump power P = {142,160, 198} £ 28 yW
are shown in Fig. 4(d). Interference fringes appear as the
pulses begin to overlap, and arise from the mixed polari-
zation components at the microscope objective focus and
the mixed polarization components of the highly confined
nanoplasmonic mode profile. As the pulse peaks coincide,
TPA and free-carrier absorption produce a sharp drop in
power transmission. The electron avalanche multiplies N,
enabling distinct signal modulation at low P{. As N
decreases due to field sweeping and recombination (two
body, surface, Auger), the transmitted signal recovers to
its original amplitude. This occurs on two time scales:
71 =198 +£0.40 ps and 7, = 17.9 £ 6.8 ps, which are
much faster than what is typically observed in a Si-photonic
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waveguide. Similar measurements performed on bare Si
waveguides reveal a 7 = 265 ps recombination time [51].

The 7, time scale is in excellent agreement with the
expected sweeping time (~1.0-2.6 ps) required for elec-
trons to travel ~135-340 nm away from the Au-Si interface
to a region where they no longer interact with the probe.
The 7, time scale is attributed to the free-carrier lifetime in
Si. Reduction of the free-carrier lifetime to 7, = 17.9 &
6.8 ps in silicon waveguides typically requires ion
implantation or carrier sweeping with a diode [52,53].
In the present case, Au diffusion into the Si waveguide
core increases the density of recombination centers and
surface traps near the Si-Au interface, increasing the
surface recombination velocity.

In summary, these experiments demonstrate the first
observation of ultrafast plasmon-based PEA in a semi-
conductor. Energetic electron collisions with valence elec-
trons drive impact ionization, multiplying the electrons in
an avalanche manner. This interaction manifests itself
through strong broadband white light emission, which
grows exponentially with input power, and ultrafast elec-
tron sweeping. Ultrafast electron sweeping is visualized
using pump-probe time-domain spectroscopy. These mea-
surements are performed in a structure that is compatible
with electronics, photonics, and plasmonics technologies,
and occupies a footprint of 0.43 ym?. The sensitive
avalanche process will enable efficient ultrafast nanoplas-
monic circuitry and plasmonic-electronic interfacing.
These investigations open the door for ultrafast plasmon-
based PEA in semiconductors.
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